Abstract The transfer of chemical elements/compounds within the soil-plant chain is a part of the biochemical cycling, and this system is controlled by biotic and abiotic factors which determine the final mobility and availability of chemical variables. Heavy metal contamination and low pH are stress factors that lead to changes in the contents of important foliage compounds, which can be used as nonspecific indicators of plant stress. In this study, Norway spruce forests in the Sokolov region, being a part of the ''Black Triangle,'' were selected to assess geochemical and biochemical interactions in the natural soil/plant system. The authors studied the relationship between soil and spruce needle contents of macronutrients and potentially toxic elements and tested whether the soil parameters and their vertical distribution within a soil profile (two organic and two mineral horizons) affect foliage biochemical parameters (contents of photosynthetic pigments, phenolic compounds and lignin). Factor analysis was used to identify underlying variables that explained the pattern of correlations within and between the biochemical and geochemical datasets. Aluminum (Al) and arsenic (As) were identified as toxic elements with high bio-availability for spruce trees, and both were taken up by trees and translocated to the foliage. The correlations between two toxic element contents in needles (Al and As) and the contents of soluble phenolic compounds and total carotenoid to chlorophyll ratio suggest that these latter two biochemical parameters, which both proved to be sensitive to the soil geochemical conditions, can serve as suitable non-specific stress markers.
Introduction
The transfer of trace elements within the soil-plant continuum is a part of the biogeochemical cycling of chemical elements. Plant species vary in their ability to withstand exposure to heavy metals from hyperaccumulation known for phytoextraction species to prevention of uptake characteristic for phytostabilization species (Salt et al. 1998; Nwoko 2010; Mani et al. 2012a, b) . Heavy metal contamination and other negative physio-chemical changes under soil conditions, such as low pH, are often a consequence of long-term industrial pollution (Lepedus et al. 2005; Tuzhilkina 2009 ).
Changes in the contents of important plant compounds can be used as non-specific indicators of plant stress; these include the contents of photosynthetic pigments, phenolic compounds and lignin, as shown for coniferous trees by many authors (e.g., Soukupová et al. 2000; Lepedus et al. 2005; Tzvetkova and Hadjiivanova 2006) . Additionally, these parameters can be monitored by the means of hyperspectral (HS) remote sensing and enable large-scale monitoring of forest health (Campbell et al. 2004; Mišurec et al. 2012; Kupková et al. 2012) .
Limited work has been performed under field conditions exploring the effects of accumulated sediment/soilborne metals on biochemical processes in plant tissues and assessment of their suitability as potential biomarkers of metal stress (MacFarlane 2002; Bialonska et al. 2007 ). Additionally, the contents of available macronutrients (Ca 2? , Mg 2? , K ? ) can also play an essential role in the tree physiology. Therefore, there is an urgent need for the development of methodologies for assessing the sublethal effects of trace elements in conjunction with macronutrient availability and the way in which these soil characteristics affect leaf biochemical parameters in situ.
The biochemical composition of spruce needles with their longevity and exposure to environmental conditions is often used as a bio-indicator of soil or air contamination (Ollerová et al. 2010; Tuzhilkina 2009 ). Particularly, the contents of photosynthetic pigments are closely related to photosynthetic performance and can serve as early-warning symptoms of plant stress, before macroscopic changes are detected (e.g., Lepedus et al. 2005; Soukupová et al. 2000) . The chlorophyll content of needles generally decreases under stress conditions, including nutrient deficiency and the presence of heavy metals (Huang and Tao 2004; Ivanov et al. 2011; Maestri et al. 2010) . In general, conifers allocate relatively high ratios (7.3-12. 3 %) of the whole-tree carbon to foliar phenolics (Aspinwall et al. 2011) . Phenolic compounds represent a very heterogeneous group playing a role in defense mechanisms against pathogenes and herbivores (Klepzig et al. 1996) and environmental stress conditions, often serving as a non-specific stress marker. Tannins are involved in chelating heavy metals in plant cells (Lavid et al. 2001) ; in addition, polyphenols such as tannins not only inhibit decay of soil organic matter, but they may also impede soil N mineralization-immobilization reactions (Northup et al. 1998; Yu et al. 2003) . Lignin is a structural compound of polyphenolic nature, and its content in foliage plays an important role in litter decomposition and nutrient cycling (Ushio et al. 2009 ). Thus, changing the content of phenolics in litter may alter wider biogeochemical carbon cycling in forest soils.
In this study, Norway spruce forests in the Sokolov region, the north-western part of the Czech Republic, were selected to assess geochemical and biochemical interactions in the natural soil/plant system. This region is exceptional for its long-term excessive lignite mining history and was also greatly affected by air pollution and soil acidification during the second half of the twentieth century (Moldán and Schnoor 1992) . Even today, this part of the country with its open-pit lignite mining is considered to be one of the most polluted regions in the Czech Republic. Norway spruce (Picea abies L. Karst) is a dominant species in the silviculturally managed coniferous forests in Central Europe and particularly in the Czech Republic. However, this tree species has proven to be prone to environmental stresses. Long-term industrial pollution resulted in largescale spruce forest dieback observed in many regions of Central Europe, particularly in the area of the so-called Black Triangle (Moldán and Schnoor 1992) , the well know region in Europe heavily polluted in the second half of the twentieth century. Therefore, monitoring of the health condition of spruce forests remains important for forest management in Central Europe. Particularly, the response of tree species to adverse soil conditions (e.g., contents of trace elements, basic cations depletion, and acidification) is of great importance.
The authors analyzed a wide range of biochemical parameters in the Norway spruce needles serving as nonspecific stress markers (biochemical dataset): photosynthetic pigments, soluble phenolic compounds, lignin and water content. Furthermore, around the sampled trees, the contents of selected macronutrients, which are present in the form of exchangeable cations (Ca 2? , Mg 2? , K ? ) and Al as well as selected heavy metals (e.g., Zn, Cu, As and Hg), were determined in the corresponding soil profiles (geochemical dataset). In addition to basic statistics, factor analysis was used to identify underlying variables or factors that explain the pattern of correlations within and between the biochemical and geochemical sets of the variables described above. Factor analysis was previously successfully employed using environmental data and was particularly tested for the purposes of mineral exploration (Harraz et al. 2012) and to interpret diverse geochemical datasets (Tripathi 1979; Ijmker et al. 2012 ) as well as water or soil chemical data (Fitzpatrick et al. 2007 ). The authors assume that this method is also well suited to studying relationships and chemical/biochemical interactions in the soil/plant system and, to their knowledge, has not yet been used for this purpose.
As the present study quantitatively correlates a wide range of spruce needle biochemical parameters with macronutrient and accumulated heavy metal contents determined for four soil horizons in the polluted region, the aims have been to:
• Determine macronutrient/heavy metal abundances and their associations present in four different soil horizons (including organic and mineral soil horizons) and investigate whether these associations and their vertical distribution within a soil profile affect the accumulation of the same chemical elements in foliage.
• Based on the determined soil and soil-plant relationships, define a conceptual model which will bring new insights into soil-plant uptakes and stress reactions at the sites.
• Assess the applicability of using selected needle biochemical parameters (photosynthetic pigment contents, phenolic and lignin contents, and selected nutritional and trace element contents) as biological indicators of adverse soil conditions (low pH, high concentrations of trace elements) in Norway spruce forest ecosystems.
This work was carried out at the Czech Geological Survey and at the Faculty of Science (Charles University in Prague) within 2009-2011. Fig. 1 Scheme showing the topography and simplified geological situation of the studied area Int. J. Environ. Sci. Technol. (2015 ) 12:1987 1989 Materials and methods
Test site
The study was performed in the Sokolov basin in the western part of the Czech Republic, in a region affected by long-term extensive lignite mining (Fig. 1) . Due to the mining activities and coal burning power plants that were built in the immediate vicinity of the mined area, this region is one of the most contaminated areas of the Czech Republic where high abundances of trace elements have been detected (Fabiánek 2004) . The average altitude of the study region is about 470 m. Because the basin is surrounded by the Krušné Hory Mountains, precipitation is above the average for the Czech Republic and the local climate in the region is subject to more extreme weather, characterized by colder and wetter conditions. According to the data of the meteorological station situated nearby (Karlovy Vary, 606 m a.s.l.), long-term annual temperature and precipitation were 6.7°C and 589 mm, respectively. The Sokolov basin in the Czech Republic is composed of rocks of Oligocene to Miocene age and is 8-9 km wide and up to 36 km long, with a total area of about 200 km 2 . The basement of the Sokolov Basin is formed of Variscan and pre-Variscan metamorphic complexes of the Eger, Erzgebirge, Slavkov Forest, Thuring-Vogtland Crystalline Units, and granitoids of the Karlovy Vary Pluton (Fig. 1) . The basal late Eocene Staré-Sedlo-Formation is formed of well-sorted fluvial sandstones and conglomerates and is overlain by a volcano-sedimentary complex up to 350 m thick, which contains three lignite seams (Rojík 2004) . The brown coal (lignite) contains 5-8 % sulfur (S) and belongs among coal seams enriched in As (Simon and Hally 1984; Yudovich and Ketris 2005) and other heavy metals, such as Cd, Ni, Cu, Zn, Pb (Bouška and Pešek 1999) . Due to the presence of S in the coal, the lignite mines, both still active and abandoned, are largely affected by acid mine drainage (AMD) (Kopacková et al. 2011 (Kopacková et al. , 2012 .
The selected natural forest stands surround the lignite open-pit mines in Sokolov, but have not been directly affected by the mining activities. However, the soil in all of the stands exhibits low pH and higher contents of some heavy metals (As, Hg). Norway spruce was selected as it represents the predominant forest species in this region; in addition, spruce needles were confirmed to be well suited for detection of contamination (Suchara et al. 2011) . The authors selected four research sites dominated by mature Norway spruce forests (natural forest sites) of similar age (Table 1) ; this was important criteria as the stand age is the most important factor for defoliation (Zirlewagen et al. 2007 ). The stands were located at a maximum distance of 12 km from the active lignite open-pit mines ( Fig. 1 ; Table 1 ). None of the selected sites exhibited any severe symptoms of macroscopic damage, and they were all classified as damage class 1 with total crown defoliation not exceeding 25 % and average needle retention of 8-10 needle age classes.
Soil samples
In each forest stand, five representative sampling pits were chosen to collect soil samples. Material was collected from four soil horizons (two organic and two mineral). The sampled horizons have the following characteristics: horizon 1-organic horizon (Ol ? Of); horizon 2-organic horizon (Oa); horizon 3-mineral soil 0-10 cm, mixed with humus, usually darkened (A0-10); horizon 4-mineral soil 10-20 cm (A10-20). The total depth of mineral soil (20 cm) was chosen to reflect the majority of tree root distribution. The collected material was dried in the air prior to sieving. Exchangeable cations and selected trace elements were determined in all four horizons. Exchangeable cations (Ca 2? , Mg 2? , K ? ) and Al were analyzed in 0.1 M BaCl 2 -extracts by the atomic absorption spectrophotometry (AAS, Perkin-Elmer AAnalyst 100). To measure selected trace elements (Cu, Zn, As, Hg), samples were sieved (\5 mm for Ol, Of and Oa; and \2 mm for mineral soil) and homogenized using a portable Innov-x Alpha RFA spectrometer.
Furthermore, for the first two horizons, the pH, total exchangeable acidity (TEA) and total C and N were measured. Taking in account the character of the parent lithologies together with the fact that C was analyzed only for two organic horizons, the total C can be entirely related to organic carbon (Corg). Soil pH was determined in 
Norway spruce samples
At each of the four test sites, 10-15 representative trees were selected. A tree-climber cut branches from the production part of the crown, which means that all the sampled branches were sunlit and contributed significantly to the photosynthetic production of the tree. One branch was sampled in the upper level of the production part (U) of the crown almost at the boundary with the most upper juvenile part of the crown and the second branch in the lower level of the production crown part (L). Needles of the first (1) and third year (3) were sampled from each branch for subsequent chemical and biochemical analyses.
Photosynthetic pigments (chlorophyll a and b: Cab, total carotenoids: Car) were extracted in dimethyl formamide according to (Porra et al. 1989 ) and determined spectrophotometrically based on equations from (Wellburn 1994) . Soluble phenolic compounds were determined according to (Singleton 1965) . Frozen needles were homogenized in liquid nitrogen. Phenolics (FFW = fresh weight, FDW = dry weight) were extracted in 80 % methanol (v/ v) in a water bath (50°C), and the concentrations were determined spectrophotometrically at a wavelength of 750 nm using a Helios a spectrophotometer (Unicam, Cambridge, UK) with Folin-Ciocalteau phenol reagent and gallic acid as a standard (for details see Soukupová et al. 2000) . The lignin (Lig) content was determined by thioglycolate solubilization according to (Lange et al. 1995) , and the amount of lignin was determined spectrophotometrically at a wavelength of 280 nm using hydrolytic lignin [Aldrich Chemical Company, USA; (8672-93-3)] as a standard.
Analyses of Ca, K, Mg, Al, Cu, Zn, As and Hg were performed for the first-year needles sampled from the lower production part of the crown (L1). Needle samples were slowly combusted (550°C) and then digested in concentrated HF (40 %, p.a., 15 ml) and HClO 4 (70 %, p.a., 2 ml) on a hot plate. The following evaporation residue was digested in 5 ml of HCl (37 %, p.a.). Distilled water was used to make a 100 ml solution which was used for cations measurements at AAS (Perkin-Elmer AAnalyst 100). Hg was determined by AAS after pyrolysis of the samples, and As was analyzed using hydride generation of arsenic species coupled with atomic absorption (HGAAS).
The overall statistics of the needle properties were further statistically assessed and are presented in Supplementary material: Tabs 3 and 5.
Statistical methods
First, the Shapiro-Wilk test (1965) was employed to test the normal distribution of both the geochemical and biochemical datasets, and some of the variables were not normally distributed according to this test (Supplementary material: Tabs 1 and 5). However, since the ratios between the maximum and minimum measurement concentrations are generally high enough, log-transformation was employed to squeeze/stretch the values on the logarithmic (loge) scale with the exception of the pH, as this parameter is already log-transformed and exhibits normal distribution. After this transformation, distributions with skewnesses varied between -0.8 and 0.8, or with kurtosis between -3 and 3 for all of the geochemical and most of the biochemical parameters. Such datasets more or less behave like normally distributed (Ijmker et al. 2012 ). However, the water content at both levels (L1, L3) and Hg content at level L1 did not fulfill this condition, and this fact was taken into consideration when interpreting the results. Further statistics was applied to the log-transformed data.
As the Norway Spruce needle samples were collected from two different crown positions (U-upper, L-lower) and needle ages (1-3 years old), analysis of the variance (twoway ANOVA) was employed to test whether there are statistically significant differences in the biochemical properties of the Norway Spruce needles with regard to their position within a crown and their age. Only the needle age significantly influenced all the examined biochemical characteristics (Supplementary material: Table 4 ) and was considered in further statistical assessments (PCA and factor analysis).
The relationships between (1) the geochemical parameters within the four soil horizons, (2) the biochemical parameters (photosynthetic pigment contents, phenolic and lignin contents) conducted for two different needle ages (1-3 years old) from position L and (3) biochemical parameters including selected nutritional and trace element content of the sampled trees (first-year needles, lower position: L1) were assessed using the Pearson correlation coefficient. The bivariate correlation was attained at a 95 % confidence level (2-tailed). As a great number of soil parameters were assessed, the Pearson correlation coefficients were transformed into the form of color-coded correlation matrix (Figs. 2, 5, 6 ) for easer interpretation.
Afterward, factor analysis was employed. on the sets of variables that represented (1) chemical variables uncounted for each soil horizon, (2) the common chemical variables determined for both soil horizons and the tree needles (macronutrients and selected heavy metals) and (3) biochemical variables determined for the Norway spruce needles (macronutrients and selected heavy metals). Factor analysis of the soil parameters enabled study of the correlations between elements, forming groups with similar behavior (natural associations) in each horizon and of how these associations change with soil depth (Supplementary material: Tabs. 8 and 9; Fig. 2 ). The approach comparing the abundances of the common chemical variables, which were determined for all the four soil horizons as well as for the tree needle samples, enabled the authors to study which chemical elements present in the soil have been taken up by the vegetation and thus have the most significant impact on the vegetation health and physiological functions (Supplementary material: Tabs. 10 and 11; Fig. 4) . Finally, factor analysis of the biochemical parameters allowed determination of the correlating biochemical parameters that can affect specific physiological functions of the trees (Supplementary material: Tabs. 12 and 13).
Factor analysis was performed by the SPSS program (version 14.0). Principle component analysis was used to extract the factors and to form uncorrelated linear combinations of the observed variables. An orthogonal rotation method (varimax), which is the most common orthogonal rotation criterion (Davis 2002) , was employed to rotate the factors. The varimax rotation fits the axes to the maximum direction of variance, thereby spreading the explained variance more evenly over the different factors (Hartmann and Wunnemann 2009 ). This rotation method minimized the number of variables that have high loadings on each factor and in that way simplified the interpretation of the factors. New data were derived from these linear combinations, forming the principal components (PC), which can be displayed as scores and weights. There can be an infinite number of new factors; however, the first PCs, or factors, account for the greatest variability in the data (Webster 2001) . Factor loadings are correlation coefficients between the original variables and factors and are intended to investigate the processes that control data variability. A loading on one variable close to ±1 indicates a strong correlation between the variable and the factor. The authors considered the variables that exhibited a loading of [0.4 or \-0.4 to be statistically significant.
Results and discussion
Geochemical properties and their changes across the soil profile
The pH of the sampled soils was low (2.96-3.65) with a slight increase toward deeper mineral soils (Supplementary material: Table 1 ). According to Kabata-Pendias (2004) several trace metals (especially Cd, Zn, Co, Cu and Ni) are readily mobile in such acid soils, which are generally characterized by oxidizing conditions, and are available to plants. In addition, low pH is also a serious problem as it facilitates the release of aluminum (Al) from Al-containing minerals into the soil solution forming toxic conditions for forest vegetation or downstream aquatic organisms (Krám et al. 2009 ). In particular, it is a matter of concern that soil acidification caused by acid deposition, together with the consequent depletion of labile pools of nutrient cations (e.g., Ca 2? , Mg 2? ) and enhancing leaching of Al from the soil, could contribute to forest dieback (Driscoll et al. 2001; Juice et al. 2006) . To assess the possible negative effect of aluminum on base cation uptake (Hruška and Krám 1994) , the molar ratio of Ca/Al concentrations were calculated (Supplementary material: Tabs 2). Only in the most top horizon (Ol ? Of) the Ca/Al ratios exceeded the critical value = 1, previously reported to be the threshold for damage to plant roots (Matzner and Prenzel 1992) .
For each soil horizon, the concentration ranges (min., max.), mean values and standard deviations are shown in Supplementary material: Table 1 . As regards the exchangeable cations, Ca was the most abundant cation in all four horizons, followed by Al, K, Mg. Comparing the total concentrations of trace elements, Zn was the most abundant metal, followed by Cu, As and Hg. The basic statistics also show that elements such as Mg, Ca, K and As are present in significantly higher concentrations in the topmost horizon (Ol ? Of) and that their abundances decrease with increasing soil depth. Therefore, they are most probably delivered to the soil as litter fall. On the other hand, the abundances of Zn increase with increasing soil depth and this indicates that this element is most probably of lithological origin. Elements such as Al, Cu and Hg exhibit the highest abundances in the second humus-rich horizon (Oa) and point to strong binding of these elements to the soil organic matter (Blaser et al. 2000; Mani and Kumar 2005) .
The measured concentrations of exchangeable cations and trace elements were compared with the mean values classified and published for the Czech Republic (Fabiánek 2004) and in general, the cation concentrations were found to correspond to low values on the scale for the Czech Republic. Considering the C/N ratio, there are no significant differences between the two organic horizons. The average C/N ratio in the studied forest stands ranged between 24.9 and 35.0 in Ol ? Of and between 21.8 and 34.4 in Oa.
In terms of the trace element gradients, the organic horizons contained moderate amounts of Cu (50 and 79 mg/kg, respectively) and Zn (103 and 89 mg/kg). In both organic horizons and in A0-10 the contents of As exceeded the limit value given by the regulations issued by the Ministry of the Environment of the Czech Republic. Additionally, high contents of Hg were detected across the whole soil profile (max in Oa: 1.63 mg/kg).
Analysis of the color-coded matrix ( Fig. 1 ) reflects strong positive correlations across the entire soil profiles for Zn, indicating that this element is of lithological origin. This corresponds to the results published by Borůvka et al. (2005) as they found that most topsoil and subsoil Zn was bound in silicates. Naturally, significant positive correlations for all four horizons exist for Mg-Ca as a result of organic material decomposition. On the other hand, a generally significant negative correlation exists between Zn-TEA.
Further statements are formulated, interpreting together both the results of the correlation matrix and also the results of factor analysis ( Fig. 1 ; Supplementary material: Tabs 8 and 9), as the factor analysis allows identifying relationships that are not readily evident from simple correlation analysis.
Horizon 1 (Ol ? Of) Factor 1 accounts for 42 % of the data variability. There are two associations of this factor: Al-As-Hg-Cu (high positive loadings above 0.750) representing mainly toxic elements, and the correlation between Ca and the pH (positive loadings around 0.460). Factor 2 accounts for 22 % of the data variability and, in this case, a strong relationship was found between Zn and pH as well as between Al-TEA-Corg. The affinity of organic matter for Al indicates that, in this surface horizon, organic acids deliver the hydrogen ions and bind Al 3? ; if the pH is below 4.5, Al 3? can be considered to be a trivalent ''base cation'' equivalent to Mg 2? and Ca 2? (Clarholm and Skyllberg 2013) . Factor number 3 covered about 19 % of the data variability and correlation between the C/N and Mg-Ca association was identified, corresponding to parameters that have their origin in the organic material and related decomposition processes.
Horizon 2 (Oa)
Factor 1 accounts for 44 % of the data variability. One main association, Ca-Cu-As, characterizes this factor and correlates with the C/N ratio and the pH. Surprisingly, Ca fell into this group, this indicates that Ca originates mainly from the decomposition of organic material coming from the litter in this horizon. The affinity of Cu and As for soil organic matter and the stability of organic complexes were demonstrated by Berthelsen et al. (1994) and by Yudovich (2005), respectively. However, as Cu and As correlate with C/N, but not with the organic matter content (Corg) by itself; thus, most likely these elements in this horizon originate mainly from poorly decomposed organic material, which is typically characterized by a high C/N ratio (Egli et al. 2010) . Two major associations were identified in factor 2 (27 % of the data variability), a group of mainly toxic elements (Al-Hg-As-Cu) correlating with TEA and the Mg-Ca-Zn association. Ca and Mg correspond to nutrients and Zn is also an essential element if not present in high concentrations (Pallardy 2008) . Factor 3 (9 % of the data variability) is explained mainly by the variability in Hg (high positive loadings) and Corg (high negative loadings).
Horizon 3 (A0-10) Factor 1 accounts for 65 % of the data variability and two major groups were found; the Mg-Ca-K and Zn-As associations, which have a strong relationship with the soil pH.
The authors assume that both associations are products of the weathering of diverse minerals (e.g., aluminosilicates, feldspars, biotite). On the other hand, factor 2 (22 % of the data variability) indicated a relationship between Mg-Ca-K, nutrient association that most likely has organic origin.
Horizon 4 (O10-20)
The lithology of the parent rock material affects this horizon more when the overlying horizons described above, in this profile the mineral products of weathering, have common occurrence. Factor 1 accounts for 61 % of the data variability and one major group-Mg-Ca-Zn and Hg-correlating with the pH-explains this factor. The major Zn-Cu-As associations was identified in factor 2 (19 % of the data variability) and, also in this group, correlated with the pH. The relationship between Mg-Ca-K was identified in factor 3 (12 % of the data variability), the same nutrient association detected in the overlying horizon A0-10. To link the gradients of the same nutrients/heavy metals in the soil and their contents in needles was a key aspect as the total abundances of these chemical constituents/elements cannot, in itself, predict their uptake by tree roots and the potential risk they represent for plants (Bussinow et al. 2008; Aznar et al. 2009 ). The authors assumed that, if a statistically significant relationship is found between the soil and needle abundances of the same chemical elements, transfer exists between the soil and the root systems. These elements should be further considered as mobile in the soil, with high potential bioavailability.
Principle component 1 (49 % of the data variability) indicated relationships between soil and needle element contents for Al, Hg and As ( Fig. 3 ; Supplementary material: Tabs 10 and 11): (1) the amounts of Al in needles correlated positively with the soil contents in all four soil horizons, (2) Hg in the needles had a strong correlation with Hg abundances in the two organic horizons, although it needs to be taken in account that Hg in the sampled needles did not exhibit normal distribution and optimally this result should be further tested using a new dataset. However, to support the relationship, a similar distribution of Hg in the soil profile and foliage was also described by Obrist et al. (2012) in Douglas fir and red alder stands, (3) the As content in the needles correlated with the As Fig. 4 Color-coded matrix of the loading factors for the first free components (column numbering follows the PC order, e.g., column 1 is PC1): element abundances in the soil horizons (Ol ? Of, …, A10-20) and the Norway spruce needles (marked as n), all the values were log e transformed Fig. 5 Pearson correlation color-coded matrix (the values were log e transformed): chemical and biochemical properties of the Norway at the positions of L1 and L3, the coefficients were assigned colors according to their values [color scale from dark blue (correlation = -1) to dark red (correlation = 1)]. **Correlation is significant at the 0.01 level, *correlation is significant at the 0.05 level Fig. 6 Pearson correlation color-coded matrix (values were log e transformed): chemical and biochemical properties of the Norway Spruce at the position of L1, the coefficients were assigned colors according to their values [color scale from dark blue (correlation = -1) to dark red (correlation = 1)]. **Correlation is significant at the 0.01 level, *correlation is significant at the 0.05 level contents in A0-10 and A10-20, the mineral horizons already influenced by the parent rock material. This was in accordance with findings that roots take up As mainly in inorganic forms (arsenate and arsenite) and As is transported to the above-ground organs in the form of arsenite (Zhao et al. 2010) . Similarly, a study of the spatial distribution of trace elements in Norway spruce stands showed that As is mainly associated with the mineral horizons in Norway spruce forest soil (Brun et al. 2010) .
Principle component 2 (39 % of the data variability) identified the following relationships ( Fig. 3 ; Supplementary material: Tabs 10 and 11): (1) Ca: correlations between the needle contents and the abundances in all four soil horizons. This correlation is in accordance with the fact that trees take up Ca from all the depths of their rooting volume (Dijkstra and Smits 2002) and, if present, they take up Ca in amounts that significantly excess their physiological needs. The Ca concentration in the first-year needles at the end of the growing season can vary by more than 100 % among years (Clarholm and Skyllberg 2013) and depends on the Ca availability in the soil and water transport from the soil to the foliage via the transpiration stream. (2) K: the abundances in needles correlate with the abundances in the first two organic horizons, as K is enriched in the forest floor horizons through the decomposition of litter. During the decomposition of organic matter (OM) monovalent ions are released relatively quickly and are thus available for uptake by trees. The high turnover rate of K between the forest floor and foliage is thus responsible for the close relationship, (3) Zn: correlation between the needle content and the Zn content in the first soil horizon was detected, this indicate a litter fall origin, (4) Cu: a relationship was found between the needle content and the Cu abundances in the Ol ? Of, Oa and A1-10 soil horizons. This result demonstrates that, in acid soils, the Cu content is more often related to organic matter pools (Egli et al. 2010 ). In addition, component 3 (12 % of the data variability) allowed identification of a relationship between the needle abundances of Cu and mainly the lower mineral horizons (A0-10 and A10-20).
Variability of biochemical parameters according to the needle position in a crown and the age In general, the mean pigment contents of the sampled trees (2.6 ± 0.8 mg/g DW of chlorophyll a ? b: Cab) correspond to healthy Norway spruce (Siefermannharms 1994) . Assessing vertical gradients, only the contents of photosynthetic pigments and their ratio depended on the needle position within the production crown part, while the other biochemical parameters (soluble phenolics and water/lignin contents) were independent of the needle vertical position (Supplementary material: Tab. 4) . In contrast, the needle age had a significant effect for all the investigated biochemical parameters. Therefore, the authors decided to keep the different needle age classes separated regardless of the needle vertical position in further statistical assessments.
The first and second components (31 and 18 % of the data variability, respectively; Supplementary material: Tabs. 6 and 7) are explained mainly by the variances in the water (W), chlorophyll (Cab) and carotenoid (Car) contents Fig. 7 Conceptual overview of the chemical and biochemical processes taking place in the studied soil-tree system Int. J. Environ. Sci. Technol. (2015 ) 12:1987 1997 in the L1 and L3 needles, respectively. The same relationship shows the correlation color-coded matrix (Fig. 4) . A strong positive correlation between the contents of chlorophylls and carotenoids was expected, as both types of pigments cooperate in light harvesting in primary photosynthetic reactions (Demmig-Adams and Adams 1996) . Although the first-year needles are assumed to be mature at the time of sampling (late July), the contents of Cab and Car in these needles usually increase in the subsequent one or two seasons (Albrechtova et al. 2008 ) and the water content decreases (Homolová et al. 2013) , which may both change the strength of the relationships between these biochemical parameters and explain the stronger correlation between photosynthetic pigments and needle water contents in L1. Additionally, the Car/Cab ratio is influenced by needle age: in the first-year needles, the pigment ratio was more dependent on the carotenoid content in comparison with third-year needles, where the value of the Car/Cab ratio was driven by increasing chlorophyll content (Fig. 4) . Component 3 (13 % of the data variability) indicated a relationship between Car/Cab ratio and soluble phenolic contents (both L1 position). In addition to the accessory light-harvesting function, carotenoids protect photosynthetic membranes and chlorophyll from reactive oxygen species (Pallardy 2008) , and thus, the Car/Cab ratio may increase under oxidative stress caused by excessive light (Tausz et al. 2007) or heavy metal stress (Martinez-Penalver et al. 2012) . Similarly phenolic compounds play a protective role due to their antioxidant properties (Bialonska et al. 2007 ). The synergic effect in scavenging reactive oxygen species may explain the positive loading of both the Car/Cab ratio and soluble phenolics in component 3.
Component 4 (11 % of the data variability) as well as color-coded matrix (Fig. 4) identified the relationship between lignin and soluble phenolic compounds for the L3 position. Lignin and soluble phenolic compounds are both important protective secondary metabolites (Moura et al. 2010) , although soluble phenolics are more connected with non-specific stress reactions and defense (being synthetized much faster after stressor effects), while lignin tends rather to play a structural role (less mobile).
Chemical and biochemical properties of Norway spruce
Although the Sokolov region is considered to be one of the most heavily contaminated in the country in terms of the wide range of metals, the studied trees did not exhibit either visible damage caused by metal contamination or high accumulation of trace elements in the needles (Supplementary material: Tabs. 3 and 5). The medians of Ca, Cu, K and Hg in the first-year spruce needles corresponded well with the values presented by Suchara et al. (2011) , while the medians of Mg and Zn were higher. Assessing the contents of selected mineral elements (Mg, Ca and K), the first-year Norway spruce needles exhibited moderate values with no signs of deficiency (Fabiánek 2004) . The critical loads of Al in plant tissues have not been generally established; however, the content of Al in needles in our study (87 mg/kg) was higher than that described by Suchara et al. (2011) and comparable with other studies on Norway spruce conducted in polluted areas, e.g., 30-120 mg/kg Al (Jonard et al. 2012 ) and 30-200 mg/kg (Bussinow et al. 2008) . The factor analysis (component number 4, Supplementary material: Tab. 13) as well as the correlation matrix (Fig. 6) shows that there are statistically significant positive correlations between Zn-Cu, which are both essential for many enzymatic functions, and similarly, both are required in very small quantities. The chlorophyll content exhibits a positive correlation with Cu and Zn, which suggest that Cu and Zn do not play the role of contaminants here but are a suitable source of micronutrients. The next positive association was found between CaMg-Al and Zn-Ca-Mg. Further statements are based on analyzing the results of both correlation matrix (Fig. 5 ) and factor analysis (Supplementary material: Tabs. 12 and 13). A significant negative linear relationship was found between K-Ca and K-Zn. The latter negative relationships agree with the finding of Roivainen et al. (2012) , who reported that the concentrations of soil macronutrients such as K, Mg and P negatively affected the uptake of several trace elements (Co, Mo, Ni, Pb, U and Zn) in boreal forests.
The second component (13 % of the data variability) identified the relationship between the K content and phenolic compounds in the wet matter (both negative loadings) and between Zn-Al (positive loadings). The components 3 (13 % of the data variability) and 4 (10 % of the data variability) identified the most sensitive biochemical parameters -phenolic compounds and Car/Cab ratios-both were positively correlating with As and Al, the elements considered to be toxic for coniferous forests (Zhao et al. 2010; Collignon et al. 2012) .
Conceptual model
The obtained results discussed in the previous chapters allowed the authors to formulate a conceptual overview of the chemical and biochemical processes taking place in the studied soil-tree system (Fig. 7) . The studied spruce sites are generally characterized by low pH and low Ca/Al, rather low concentrations of exchangeable cations, moderate concentrations of Zn and Cu and rather high contents of Hg and As. Using factor analysis, the authors were able to determine diverse nutrient/heavy metal associations that characterize the four studied horizons; among them, the Al-As-Hg-Cu association of mainly toxic elements was identified in both organic horizons (Ol ? Of and Oa) pointing to trace metal association with organic carbon and accumulation via litterfall. For two mineral horizons (A0-10 and A10-20), similar associations depending on the soil pH, Zn-As and Zn-As-Cu were identified. Considering the potentially toxic elements, the authors found correlations between soil and tree concentrations for Al (needle Al content correlated with the Al concentrations in all four horizons), As [needle As content correlated with the As concentrations in the mineral horizons (A0-10 and A10-20)] and Cu in the organic horizons (Ol ? Of and Oa). The obtained results demonstrate that, in the studied low-pH soils, Al 3? behaves as a trivalent ''base cation'' and may be taken up by trees from all depths of their rooting volume. Similar to Ca, the absolute contents of Al taken up from deep soil horizons increase in the topsoil when delivered as litter fall (Clarholm and Skyllberg 2013) . The As contents in the needles correlate with the As contents in the mineral horizons, which are already influenced by the parent rock material; the authors assume that roots take up As mainly in inorganic form (Brun et al. 2010; Zhao et al. 2010) . Affinity of the soil organic matter for Hg was identified, as reported by Kolka et al. (1999) or Mani and Kumar (2005) . It is still not absolutely clear whether Hg is taken up by trees preferentially from the upper soil horizons and transported to the needles or whether it accumulates in the needles and surface soil profile from atmospheric deposition, as mentioned, e.g., by (Brun et al. 2010) . Nevertheless, Hg accumulation in organic horizons supports the idea of litterfall-derived Hg. Hg is reported to be immobile in soils (Adriano 2001) ; thus, the authors assume that Hg is loaded into the upper soil profile mainly by atmospheric deposition and via litter turnover. Two toxic elements, Al and As, were identified as mobile in the studied soils; additionally, a correlation was found between concentrations in the Norway spruce tissues (the first-year needles) and the two biochemical parameters-soluble phenolic compounds and Car/Cab ratios.
Conclusion
Several statistical methods were utilized in this paper (e.g., color-coded correlation matrixes together with factor analysis) to explain the soil chemical and biochemical processes within the soil-tree system. Mature Norway spruce forests growing in acid soils (the mean pH varied between 3.0-3.7) formed the research subject. The presented statistical assessment led to the formulation of a conceptual model for the studied soil-tree system (Fig. 7) .
In spite of the low Ca/Al ratios, moderate contents of selected nutrients (Mg, Ca and K) in the first-year needles are high enough, and the chlorophyll needle content proves that their availability in such acidified soils is still sufficient for Norway spruce, pointing out that the Ca/Al ratio alone might be a weak predictor of the foliage nutrient status. High concentrations of Al in the first-year needles are in accordance with acid soil conditions that facilitate Al uptake by the roots.
Two toxic elements, As and Al, were detected as mobile. Moreover, a correlation between concentrations in the Norway spruce tissues (the first-year needles) and the two biochemical parameters-soluble phenolic compounds and Car/Cab ratios-was found. This finding shows that the production of phenolic compounds in the biomass could be stimulated and subsequently affect litter decomposition and overall soil carbon balance in regions with current or historic acidification and consequent mobilization of toxic elements (Al and As). Soluble phenolic compounds and the Car/Cab ratio appeared to be the most sensitive biochemical parameters of all those assessed, and the authors suggest that they can serve as suitable nonspecific stress markers.
In general, the presented study contributes to better understanding of the relationships between soil and foliar chemistries, particularly, in coniferous forests affected by anthropogenic pollution.
